INTRODUCTION
Helicobacter pylori is a bacterial pathogen and persistent colonizer of the human stomach and 5 causes gastritis, ulcers, and stomach cancer (Amieva and Peek, 2016) . The health burden caused 6 by H. pylori is particularly large because it infects about half the world's population, with nearly 1 0 (Collins et al., 2016) , but the data presented was at millimolar concentrations of H 2 O 2 whereas in 1 1 vivo concentrations are thought to rarely exceed the low micromolar range (Halliwell et al., 1 2 2000; Schröder and Eaton, 2008) . TlpD sensing of ROS was also suggested to function as an 1 3 "energy sensor" by responding to cytosolic oxidants produced through metabolism (Behrens et 1 4 al., 2016; Schweinitzer et al., 2008) . No signaling mechanism has yet been proposed or vetted 1 5 that directly shows that TlpD is a redox or zinc sensor.
6
Here, we have taken advantage of the solubility of TlpD to reconstitute the full (TlpD, 1 7 CheW, CheA) chemotaxis signaling complex in vitro to directly assay thermodynamic and 1 8 kinetic parameters and test the effects of putative ligands on receptor signaling. We show TlpD is 1 9 fully active and able to strongly promote CheA autophosphorylation even without the addition of 2 0 any ligand. Our biochemical characterization of TlpD provides no evidence to support direct The authors declare no competing interests. t  r  y  1  7  ,  1  3  7  6  2  -1  3  7  7  2  .  3  4  B  r  i  e  g  e  l  ,  A  .  ,  L  i  ,  X  .  ,  B  i  l  w  e  s  ,  A  .  M  .  ,  H  u  g  h  e  s  ,  K  .  T  .  ,  J  e  n  s  e  n  ,  G  .  J  .  ,  a  n  d  C  r  a  n  e  ,  B  .  R  .  (  2  0  1  2  )  .  B  a  c  t  e  r  i  a  l  1  c  h  e  m  o  r  e  c  e  p  t  o  r  a  r  r  a  y  s  a  r  e  h  e  x  a  g  o  n  a  l  l  y  p  a  c  k  e  d  t  r  i  m  e  r  s  o  f  r  e  c  e  p  t  o  r  d  i  m  e  r  s  n  e  t  w  o  r  k  e  d  b  y  r  i  n  g  s  o  f  k  i  n  a  s  e  2  a  n  d  c  o  u  p  l  i  n  g  p  r  o  t  e  i  n  s  .  P  N  A  S  .  3   B  r  i  e  g  e  l  ,  A  .  ,  L  a  d  i  n  s  k  y  ,  M  .  S  .  ,  O  i  k  o  n  o  m  o  u  ,  C  .  ,  J  o  n  e  s  ,  C  .  W  .  ,  H  a  r  r  i  s  ,  M  .  J  .  ,  F  o  w  l  e  r  ,  D  .  J  .  ,  C  h  a  n  g  ,  Y  . - , .  3  3  Y  a  n  a  k  a  ,  A  .  ,  F  a  h  e  y  ,  J  .  W  .  ,  F  u  k  u  m  o  t  o  ,  A  .  ,  N  a  k  a  y  a  m  a  ,  M  .  ,  I  n  o  u  e  ,  S  .  ,  Z  h  a  n  g  ,  S  .  ,  T  a  u  c  h  i  ,  M  .  ,  S  u  z  u  k  i  ,  H  .  ,  H  y  o  d  o  ,  1  I  .  ,  a  n  d  Y  a  m  a  m  o  t  o  ,  M  .  (  2  0  0  9  )  .  D  i  e  t  a  r  y  s  u  l  f  o  r  a  p  h  a  n  e  -r  i  c  h  b  r  o  c  c  o  l  i  s  p  r  o  u  t  s  r  e  d  u  c  e  c  o  l  o  n  i  z  a  t  i  o  n  a  n  d  2  a  t  t  e  n  u  a  t  e  g  a  s  t  r  i  t  i  s  i  n  H  e  l  i  c  o  b  a  c  t  e  r  p  y  l  o  r  i  -i  n  f  e  c  t  e  d  m  i  c  e  a  n  d  h  u  m  a  n  s  .  C  a  n  c  e  r  P  r  e  v  R  e  s  (  P  h  i  l  a  )  2  ,  3  5  3  -3  6  0  .  3   Z  ä  h  r  i  n  g  e  r  ,  F  .  ,  L  a  c  a  n  n  a  ,  E  .  ,  J  e  n  a  l  ,  U  .  ,  S  c  h  i  r  m  e  r  ,  T  .  ,  a  n  d  B  o  e  h  m  ,  A  .  (  2  0  1 CheA alone (black line). See Table S1 for a summary of reaction parameters. functional assays with addition of 0 (red), 0.25x (orange), 0.5x (yellow), 1x (lime green), 2x motility is more robust against bleach than E. coli. Shown is the mean swimming velocity versus HCl and 1 mM NaOCl (red and black stripes). Shown right are treatments with a triple knockout 1 5 tlpABC mutant. See Fig. S3 and Method Details for additional information. buffer (500 mM sodium phosphate, pH 6.7) or 10 mM NaOCl (diluted into buffer, pH 6.7). For 2 2 both strains PMSS1 (red) and G27 (blue) attraction is seen for NaOCl with a large increase in the normalized to be 100 % (-5-0 s). Treatment with buffer (pluses) or 10 mM buffered NaOCl of CheA-Pi leads to increased smooth swimming and chemoattraction to the HOCl source. Further information and requests for resources and reagents should be directed to and will be 1 6
fulfilled by the Lead Contact, Dr. Arden Perkins (ardenp@uoregon.edu). Helicobacter pylori Growth and Preparation 2 0
The high motility strain H. pylori G27 was used for most in vivo assays and all mutants were 2 1 created in this background previously (Collins et al., 2016) and supplied as a gift from Dr. Karen 2 2
Ottemann (UC Santa Cruz). As an additional control, strain PMSS1 was used in microgradient 2 3 point-source assays. For growth, frozen stocks were used to inoculate blood plates containing 5- grown on plates for 72 hours at 37° C, 10 % CO 2 , before passaging to a fresh blood plate and 2 7 allowed to grow an additional 24 hours. For motility assays, scrapes from blood plates were used 2 8
to inoculate 3 ml of brucella broth supplemented with 10 % fetal bovine serum and 10 µg/ml 2 9
vancomycin (BB 10 ) for 6 hours at 37° C and 10 % CO 2 shaking at 200 rpm. The liquid cultures 3 0
were then removed from the shaker and allowed to incubate without shaking for another 1-3 3 1 hours to obtain maximum motility. Prior to motility and chemotaxis assays, the cultures were 1 diluted with fresh BB 10 to approximately 0.1 O.D.
3
Escherichia coli Growth and Preparation 4 E. coli strain UU1250, which is engineered to lack all chemoreceptors and is commonly used in 5 chemotaxis studies (Liu and Parales, 2008) , was supplied as a gift from Dr. Sandy Parkinson 6 (University of Utah). Frozen stocks of E. coli were used to inoculate 25 ml of sterile LB media 7 and was grown shaking overnight at 37 ° C. In the morning, 100 µL of the overnight culture was 8 diluted into 5 ml of fresh LB media and allowed to grow until reaching an O.D. of approximately 9 0.5, and then was used for motility assays. sequences and a second search excluding H. pylori sequences. We manually curated these 1 7
sequences to retain only those that were chemoreceptors and also contained a C-terminal CZB 1 8
domain. Of these, some sequences lacked the N-terminal region corresponding to approximately 1 9 the first 120 residues; because we were interested in analyzing the conservation of TlpD cysteine 
